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Introduction
'Cellular plasticity' is generally defined as the ability of a cell to adapt to different identities along a phenotypic spectrum (1) . Over the years, plasticity has been extensively studied in neurologic diseases and cancer, to understand the structural and functional changes that can increase adaptability or promote disease progression (1) (2) (3) . Epithelial cells, arranged as cohesive sheets, line body surfaces for specialized roles in absorption, secretion or barrier function. The airway epithelia act as a physical barrier between the external and internal environment and adapts to exposure of more than 10,000 liters of air daily, along with the additional pollutants in the airstream and therefore is an ideal model to understand epithelial responses to chronic injury.
A normal pseudostratified airway epithelium undergoes cellular proliferation and differentiation to contribute to functional phenotypes such as permeability, ciliary beat frequency (CBF), and polarity that are required in maintaining tissue homeostasis. Exposure to an irritant or injury can disrupt homeostasis, but plasticity is pivotal in the resilience of the epithelia, permitting them to survive against hostile environment.
In our study, we quantify the phenotypic changes that occur in the barrier function of the airway epithelium. Specifically, we have identified a series of measures of healthy airway epithelium, namely monolayer permeability, mucociliary clearance efficacy, cellular motion or jamming of the epithelial monolayer, cellular polarity, and expression of cell adhesion proteins. The integrity of the airway epithelium is maintained by the ionic gradient and a mechanical barrier (4, 5) and
we have previously shown that repetitive CS exposure disrupts this integrity (6) . Persistent exposure to CS results in injury and loss of ciliated cells or cilia (7, 8) and a gradual decrease in CBF (9) , which may lead to remodeling of the epithelia and alteration of mucociliary function (10) (11) (12) . In addition, the establishment of apicobasal epithelial polarity is critical in regulating P a g e 4 o f 3 8 tissue organization and cellular function (13, 14) . The most extreme example of epithelial plasticity involves loss of polarity where cells to lose their epithelial identity as occurs with the epithelial to mesenchymal (EMT) transition. EMT requires a loss of cell-cell adhesion, apicalbasal polarity and cell motility (15) . Cell migration is defined as the migratory activity of individual cells. A controlled cell migration mechanism is influenced by cell contraction, expansion and adhesion. A confluent epithelial monolayer does not migrate, however epithelial cells may migrate in response to an injury (16) . The initial reports of transition between an unjammed to jammed state in the cells in tissues was in published in 2009 (17) . Additional evidence suggests that epithelial cells from donors with asthma exhibit a delay in the transition to a jammed state (18) .
Chronic obstructive pulmonary disease (COPD) is characterized by progressive decline in lung function that can occur even after the injurious agent (often tobacco smoke) is removed. It is the third leading cause of death worldwide and fourth leading cause of mortality in United States (19, 20) . Although dysfunction of several pathways has been implicated in COPD, none of these have resulted in a therapeutic strategy to modify disease. By quantifying the epithelial dysfunction resulting from noxious exposures, such as cigarette smoke (CS), we propose that we can better characterize the stepwise changes that occur from exposure, which we can then compare to phenotypes expressed by cells derived from patients with COPD (COPD human bronchial epithelial; CHBE). Moreover, using pathway inhibitors, we can determine the contribution of several pathways that have been implicated in disease to the epithelial phenotype, and can identify differential behavior in CHBE for better cellular characterization of the patient specific phenotypes. 
Results

Disrupted epithelial barrier function and adherens junction proteins in CHBE
Although grown under identical conditions, as we have found the pseudostratified age-matched CHBE epithelium formed a leakier monolayer, as measured by a transepithelial electrical resistance (TEER) that is 50% lower and tenfold increase in FITC-dextran flux (Fig. 1A) (6) .
The percentage of ciliated cells (% pixels) was reduced by 60%, and those ciliated cells had a lower CBF, although showed significant donor-specific variability, in CHBE than NHBE (Fig. 1B & C) . Moreover, immunohistochemistry of sections of pseudostratified airway epithelium showed delayed differentiation in vitro compared to cells derived from normal subjects (Fig.   1D ). The CHBE epithelial monolayer was disorganized compared to NHBE, and while there was still evidence of apical-basal polarization based on PKC-ζ and Na,K-ATPase distribution, they exhibited a shorter monolayer height ( Fig. 1E ).
To determine if CHBE demonstrated molecular evidence of cellular plasticity, we measured a series of EMT markers. Compared to NHBE, the mRNA expression of CDH1 was significantly lower in cells derived from CHBE (Fig. S1A ). In contrast, the mRNA expression of other EMT markers such as CDH2, VIM, SNAl1, SNAl2, TWIST2, ZEB1, and ZEB2 were higher in CHBE as compared to NHBE ( Fig. S1 B-H). To determine if the plasticity indicated a transition to a mesenchymal cell or a different epithelial cell, or both, we looked for the expression of epithelial markers suggestive of squamous metaplasia. In fact, we found that ~8.5 fold higher levels of p53 in CHBE as compared to NHBE, and although there was a trend towards increase in involcrulin (IVL) was not found to be statistical significant, due to donor variability ( Fig. S1 
Effect of EMT-inducer on the barrier function of the primary bronchial epithelia
To evaluate, whether primary bronchial epithelia can undergo EMT transition in vitro, the pseudostratified epithelia from healthy donors were treated with 2X EMT-inducer supplement (EMT Supp, R&D Systems), which resulted in a leakier, shorter monolayer ( Fig. 2 
Although, we observed that cells treated with EMT Supp had lower percentage of ciliated cells, the existing (albeit few) cilia maintained a similar CBF (Figure 2B &C). The decrease in ciliary number was confirmed by scanning electron microscopy (SEM) ( Fig. 2F ), but the numbers were too low to capture the cross-section of the cilia by transmission electron microscopy (TEM) to confirm the normal 9+2 microtubule arrangement that is normally seen (Fig. 2G ).
The NHBE treated with EMT Supp had significantly lower mRNA expression of CDH1 and higher expression of both EMT markers and squamous cell metaplasia markers than the PBS control-treated cells indicating that airway epithelial plasticity involved both transition to both mesenchymal and squamous cells ( Fig. 3 A-H). The protein expression of E-cadherin was correspondingly decreased in EMT Supp-treated epithelia compared to PBS control-treated ( Fig.   S3 ).
Epithelial plasticity in cigarette-smoke (CS) exposed NHBE
To determine if CS exposure resulted in similar changes to the epithelial phenotype as seen with the EMT supplement, we quantified the epithelial plasticity. The CS-exposed NHBE formed a P a g e 7 o f 3 8 leakier monolayer with a 40% decrease in trans-epithelial electrical resistance (TEER) and a tenfold increase in FITC-dextran permeability, reduction in CBF by 18% and had a 40% loss of cilia (as measured by pixels moving) relative to air control ( Fig. 4 A-C). Interestingly, repetitive exposure to CS caused a reduction in height of the pseudostratified monolayer compared to air control ( Fig. 4D & E) . These quantitative phenotypes approached the changes seen in CHBE.
The SEM of CS exposed epithelia showed curling of cilia compared to air control, however, there was no difference in 9 + 2 arrangement of microtubules as seen by TEM ( Fig. 4F & G) .
Also, repetitive exposure to CS contributed in significantly lower mRNA expression of CDH1 and higher expression of EMT markers and squamous cell metaplasia markers than the clean air exposed epithelia ( Fig. 5 A-I). The expression of EMT markers and the change in monolayer
properties are similar to that seen with EMT, although there is no loss in epithelial polarity,
showing evidence of persistence of the epithelial phenotype.
Jammed to unjammed effect of CS
To further understand the effects of the epithelial plasticity seen on cellular function in the monolayer, we quantified the cellular mobility. Human airway epithelial cells transition from a solid-like jammed state to a more fluid-like unjammed state with the application of compressive stresses on the monolayer (18) . Moreover, cells derived from asthmatic epithelium have a delayed transition to formation of a jammed state (18) . We found that the disrupted monolayer and epithelial disorganization seen in CHBE were associated with either a delay in the formation of jammed-like state, or in some patients, a complete lack of jamming, consistent with the variability in the COPD phenotype ( Fig. 6A & D) . To further elaborate on the dynamics of cooperative cellular mobility, we have calculated the spatial autocorrelation function C(r), from which we estimated the correlation length. The negative values of the correlation function were indicative of swirl patterns in the cell motion, and the correlation length represented a distance over which the cell motion was collective. The correlation length of COPD cells was greater than that seen with NHBE ( Fig. 6E ), indicating larger intercellular coordination of movement and could be seen visually by prominent swirling motions (Supplementary video). Epithelial plasticity, either due to the EMT supplement ( Fig. 6B ) or with CS exposure (Fig. 6C ) also caused the epithelium to become more fluid-like and unjammed with an increase in correlation length ( Fig. 6E ) further attesting to cells moving together in a coordinated manner. These data indicated that chemical stimuli can cause the cells transition to a collective movement demonstrating in a fluid-like behavior, even in the absence of changes in cell density, indicating a change in cell shape or stiffness. Figure 6D shows that the flow patterns within the culture consists of multiple swirling eddies of varying sizes and magnitudes. The following analysis attempts to elucidate the size and energy of these eddies for the various cases involved. As a convenient approach, which takes advantage of the wealth of information about typical hydrodynamic motions, we calculated the onedimensional spatial energy spectra of the velocity component in the same (x) direction (procedures are described in the methods section) for each horizontal line of vectors and then averaged them in time and over the y direction. The energy spectra E(κ), shown in Figure 6G , Fourier Transform of these spectra, hence corresponding values were also indicated in Figure 6G for each case. These spectra revealed several trends. First, the differences in energy among cases occurred for all eddy sizes, and the energy decreased with decreasing wavelength. Second, the weighted average wavelengths (i.e. correlation length) for the CS and two CHBE cases were higher compared to those of the other samples. In contrast, the control cases had the lowest correlation length, and their energy levels were an order of magnitude lower than those of the CHBE and CS cultures. Third, the two CHBE spectra were very similar for most of the spectral range, except for the largest eddies, i.e. the differences in velocity magnitude and correlation were associated with the largest scale motions, whereas for smaller scales, the flow patterns were quite similar.
To interpret the differences between jammed to unjammed cultures, we studied the interactions among eddies of different scales in turbulent flow (21, 22) . These interactions were typically referred to as energy cascading, referring to the transfer of energy from eddies of a certain size to larger or smaller ones owing to merging or breakup, respectively. Unlike 3D flows, in 2D turbulent flows, energy cascading typically occurs in both directions. Upward cascading from small to larger scales owing to merging of eddies occurs in the spectral range corresponding to relatively large eddies. The energy distribution in this spectral range follows the Kolmogorov-Kraichnan scaling, E(κ)=K ε ε 2/3 κ -5/3 , where K ε is a constant and ε is the rate of energy transfer across scales. Such a distribution indicates that the energy flux is scale-independent and stationary, namely the rate at which energy is added to a certain size range due to merging of smaller eddies (ε) is equal to the rate at which the energy is depleted from this range due to merging into larger ones. This energy is eventually dissipated at the largest possible scales owing to interactions e.g. with outer boundaries. In contrast, downward cascading, namely breakup of P a g e 1 0 o f 3 8 eddies to smaller ones, occurs at scales that are smaller than those at which the energy is injected. In this range, a stationary down-cascading rate is expected to follow E(κ)~ κ -3 (22) .
As indicated by lines plotted parallel to the spectra, in the present experiments, spectral ranges with E(κ)~κ -5/3 existed only for the CS and two CHBE cases for λ>40 μm, which corresponded to cell patches with a diameters larger than 5 cells. This trend suggested that the evolution of eddies in the 2D cultures behaved in a similar manner, i.e. the merging into larger ones. The spectral overlap in the κ -5/3 domain for the two CHBE cases suggested that they started with very similar energy levels as characteristic cell patches with λ~40 μm, corresponding to a diameter of about 5 cells, and had the same energy flux (merging rate) up to 160 um (~25 cells diameter).
However, for some reason, in one of the cases, CHBE3, the cascading process persisted to larger eddies compared to that observed for CHBE1. Such differences could be associated with variations in e.g. friction at the interface with the microscope or along the outer perimeter (23).
Yet, for most of the spectral range, the distribution and energy of the eddy motions for the two CHBE cultures were very similar. The CS flow also followed the reverse cascading process, but the initial energy level, at λ~40 μm as well, and the subsequent kinetic energy flux, were about two times higher. As discussed later, this difference could be associated with an increase in the stresses initiating the motions at the scales at which the energy was injected or a decrease in the strength of adherens junctions between cells, which would reduce their ability to withstand these stresses. In contrast, lack of a E(κ)~κ -5/3 range for the control cases and cultures treated with drugs indicated that their initial kinetic energy levels, also injected at λ~40 μm (suggested from the kinks in the spectra), were too weak to initiate a stationary reverse cascading process (merging) of eddies. As discussed later, this lower initial kinetic energy could have been caused
by decreases in the initial stresses and/or cell stiffness as well as by an increase in the strength of adherens junctions, i.e. an improved ability to withstand these stresses.
Effect of inhibitors and activator on barrier function
Except for a narrow range of the CDDO-Me case, the present cultures did not exhibit an E(κ)~κ -3 range at scales smaller than that of the injected energy, which is expected for stationary breakup to small scale eddies (22) . Instead, in almost all cases, the small-scale motions exhibited E(κ)~κ -1 . For 2D flows, direct transition from E(κ)~κ -5/3 to κ -1 is typically observed in spectra of passive scalars (temperature or mass diffusion) where the mass diffusivity is much smaller than the viscosity (24, 25) . In the E(κ)~κ -1 range, the viscosity dampened the velocity fluctuations, but the diffusivity is too small to smoothen the scalar fluctuations. Instead, the spatial variability in scalar concentration is progressively smeared by weak stresses induced by residual motions. Making an analogy to the present cell cultures, the direct transition from E(κ)~κ -5/3 to κ -1 suggested that once the initial stresses fragmented the cultures to patches with characteristic size of 5 cells diameter, part of the energy cascaded to larger scales. For the remaining energy, the residual stresses within each sub-patch were too weak to cause further fragmentation. Consequently, the slow energy transfer across scales causing the κ -1 domain could have been a result of e.g. residual stresses within each patch or stresses induced by relative motion between patches.
To evaluate if CS induced disruption in barrier function can be blocked, we treated the CS exposed epithelium with specific inhibitors of actin polymerization (LatA), of MAPK/ERK kinase (U0126), Nrf-2 pathway activation (CDDO-Me), TGFβ1 neutralizer (1D11) and
antagonist of Wnt signaling pathway (Dkk1). We have demonstrated that after repetitive
exposure to CS, there is increased cortical tension in the epithelium, and therefore included low dose latrunculin to cause some actin depolymerization to decrease cortical tension, while not killing the cells (6). In fact, we observed that Lat A, U0126 and CDDO-Me exhibited a protective effect against repetitive CS exposure by inhibiting the CS induced leak ( Fig. 7A ) and decreases in CBF ( Fig. 7B ). However, these inhibitors had no effect in restoring the cilia (Fig.   7C ). Also, the same three drugs (Lat A, U0126 and CDDO-Me) were found to be protective against jamming to unjamming transition ( Fig. 7D) , with decreases in the correlation length scale induced by CS ( Fig. 7E ) suggestive that the same mechanisms that mediate the disruption in barrier integrity are also involved in the transition to an unjammed state involve similar mechanisms. Interestingly, CDDO-Me was found to protective against CS induced suppression of CDH1 expression, indicating its protective role ( Fig. 8A ).
Discussion
Cellular plasticity, or the ability of the cell to adapt both structurally and functionally, is critical to cellular resilience in the face of chronic injury. This study shows has shown that repetitive exposure to CS induces a quantitative phenotypic change in the airway epithelium, which could be extended to other injurious stimuli. We observe that even in the absence of injurious substance, the cells often cannot revert back to the non-diseased phenotype, as in the context of COPD airway epithelium.
In this paper, we have quantified the phenotypic changes that occur in the epithelium in CHBE cells and CS exposed NHBE cells, and have determined that these changes represent plasticity along the spectrum of epithelial-to-mesenchymal transition (EMT), by comparing it to cells treated with an EMT-inducing supplement. We found that although the COPD epithelium
maintained cell polarity, and therefore did not completely transition to mesenchymal cells, there was evidence of plasticity based on poor monolayer integrity, monolayer shortening and disorganization, decreased CBF and numbers of ciliated cells, as well as increased kinetic energy, causing a fluid-like behavior of the monolayer (6)(26)(27). Along with the downregulation of E-cadherin mRNA and protein, we also found that transcriptional markers seen in more mesenchymal cells as well as in squamous epithelium were upregulated in repetitive CSexposed non-diseased epithelia, indicating that CS induces a similar phenotypic shift to that of the COPD epithelia.
Transitioning to the unjammed state has been proposed as an alternative strategy to EMT for cellular mobility (28), and we observe transition into the unjammed state does occur with epithelial plasticity albeit without the requirement of loss of apical-basal polarity. This transition occurs without any change in cellular density, indicating that the increased motion is not simply due to an uncaging of the cell but due to altered cellular mechanics in response to the chemical injury in the case of CS, or persistent alterations in mechanical properties in CHBE cells. Based on our current and previous data (6) we have found that exposure to cigarette smoke has two relevant mechanical effects -it increases the cell stiffness and decreases cell-cell contact strength. There is conflicting literature on the correlation between cell stiffness and migration (29), with some studies showing that the cell motility improves with decreased stiffness (30), but others indicating that the stiffer cells are more prone to become motile (31). Yet, since the increased stiffness reduces the cell's ability to deform, once the culture is exposed to some stresses, the loading on the adherens junction between the more rigid cells should increase.
Owing to the accompanying reduction in cell-cell contact strength, the adherens junctions are more likely to break up, causing fragmentation of the culture into migrating patches. Consequently, while we do not know whether the cigarette smoke affects the external forces driving the culture dynamics, even with similar levels of forcing, the much higher initial kinetic energy of the CS culture is consistent with the increased stiffness and reduced contact strength.
To alleviate these effects, one could either decrease the cell stiffness, achieved in the present study using LatA, which decreases actin polymerization, or enhance the cell-cell contact strength by treating the culture with CDDO-Me, which as we show is the only compound to increase Ecadherin levels in our study. As the present results show, both cause a drastic reduction in the initial kinetic energy and subsequent culture migration. This could also be aided by the fact that latrunculin also it reduces new actin filament growth, which is necessary for motility. The kinetic energy spectra of cell-patch migration indicate that for the CHBE and CS-exposed cultures, the initial kinetic energy injected as the culture is fragmented into patches, with a characteristic diameter of about 5 cells, is high enough to cause behavior analogous to that of a twodimensional turbulent fluid flow. Included are a spectral range with -5/3 slope, suggesting merging (reverse cascading) of cell patches into larger scale eddies, and a weak/slow breakup into smaller eddies. The (2x) higher initial kinetic energy and merging rate for the CS case compared to that of CHBE could be associated with higher cell stiffness, weaker adherens junctions among cells, or possibly, differences in the initial forcing. The two CHBE cases show similar initial and cascading rate of energy, with the differences between them occurring only at the scales where the large-scale energy is dissipated. In contrast, owing to the lower stiffness and/or stronger adherens junctions for the control and drug-treated CS-exposed cases, the initial kinetic energy levels are too weak to generate multiscale motions analogous to turbulent flows.
Yet, even after drug treatment, the CS-exposed cultures are still more energetic than the controls. Comparing other pathway inhibitors implicated in COPD and with EMT (32) (33) (34) (35) (36) , we studied manipulating mitogen-activated protein kinase (MAPK)/extracellular-signal-regulated kinase (ERK), Nrf-2, TGFβ, and Wnt signalling pathway, with improvement in the identified barrier properties seen only with inhibition of actin polymerization (LatA), activation of the Nrf-2 pathway (CDDO-Me) and MAPK/ERK kinase (U0126), although none of these completely restored ciliary mechanics. Whether manipulation of all of these represent mechanisms to alter cortical tension and/or adhesion between cells or contribute to other compensatory pathways need further study. Our data suggests that a therapeutic strategy is to target both reduction of cellular stresses and increase of junctional stresses. We propose that chronic low-grade injury causes the epithelium to undergo plasticity to provide tissue resilience but result in phenotypic changes that alter diminishes homeostatic functions. Quantification of the phenotype from a given patient can provide a strategy to personalize therapeutic strategies given the diversity in the clinical presentation as well as provides an assessment of reversal that occurs either with individual therapies or with combinations of drugs.
Materials and Methods
NHBE were either treated with EMT inducer supplement or were exposed to whole CS in an exposure system and VC 1 manual smoking machine (Vitrocell ® Systems GmbH, Germany) as described previously (6). We confirmed the changes in the epithelial plasticity phenotypes such as permeability by trans-epithelial electrical resistance (TEER) and fluorescein isothiocyanatedextran (FITC-Dextran) flux assay, ciliary beat frequency (CBF), cell migration (detailed protocol described below) and polarity by immunofluorescence (SI appendix). To verify any changes in the structure of cilia, samples were collected for scanning electron microscope (SEM) and transmission electron microscope (TEM) (SI appendix). The protein expression of Ecadherin and EMT markers were quantified by western blotting and RT-qPCR respectively (SI appendix).
Cell migration
For quantifying cell migration, phase contrast images of cell culture were acquired with one frame taken every 5 minutes for 2 hours (as described in CBF). The successive images were cross-correlated in a similar manner to standard Particle Image velocimetry using the commercial software DaVis (LaVison Inc., MI, USA) (37) . Multi-pass cross-correlation analysis with decreasing interrogation window size were used for optimizing the data quality. The size of the final correlated windows was 32 × 32 pixels, corresponding to 5.4 µm × 5.4 µm. With a 50% overlap between the neighboring windows, the resulting spatial resolution of the vector field was 2.7 µm × 2.7 µm. Vector data post-processing was performed by universal outlier detection to remove any spurious vectors (38) . For each data set, the instantaneous velocities were computed by averaging the instantaneous quantities over the entire field of view. All the instantaneous quantities were time-averaged over a period of 2 hours. To quantify the intercellular coordination, the spatial autocorrelation function (39) was determined at each time point t as The spatial one-dimensional energy spectra of the velocity component in x-direction, E(κ), was calculated from the instantaneous velocity field along a series of horizontal lines (41, 42) . The fast Fourier transform of the velocity field along the horizontal lines was computed after detrending and subtracting the spatially averaged velocity from each line, with-out any windowing functions. The instantaneous spectrum obtained for the multiple lines and times were then ensemble averaged to obtain the mean spatial energy spectra. Note that the correlation is the with PBS Ctrl and EMT Supp, (C) Clean air and CS exposed NHBE. Representative heat maps of cell velocity NHBE exposed to air and CS and CHBE exposed to clean air for 10 days (D). relative to GAPDH in cigarette-smoke exposed epithelia compared to clean air exposed epithelia as analyzed by real-time PCR. Data is expressed as median from 3 inserts from one donor. interface (ALI) with 150,000 cells/well, 400,000 cells/well and 750,000 cells/well of 24-well, 12-well, and 6-well transwells respectively. At 100% confluency, the transwells were put at airliquid interface (ALI) with basolateral PneumaCult TM -ALI medium (StemCell Technologies Inc., Vancouver, Canada). Cells were differentiated for 4 to 6 weeks ALI to obtain a fully differentiated pseudostratified epithelium.
Distribution
Cigarette-smoke (CS) exposure. For whole CS experiments, the confluent monolayer of pseudostratified epithelium was exposed to CS in an exposure system and VC 1 manual smoking machine (Vitrocell ® Systems GmbH, Germany) as described previously (6). Once CS exposure consisted of 2 cigarettes (3R4F) and each burned for ~8 minutes using the ISO puff regimen (One 35 mL puff every 60 seconds with an 8 second exhaust). The control inserts were exposed to humidified air in the exposure system. osmium tetroxide in buffer (1 hr) on ice in the dark followed by two distilled water rinses before dehydration in ethanol. Samples were dried for SEM with hexamethyldisilazane, mounted on carbon coated stubs, and coated with 20 nm gold/palladium alloys (AuPd).
Samples were prepared as describe in SI and imaged on a Leo/Zeiss Field-emission SEM at 1 kV. Movies S1: Representative movie showing the cell migration for NHBE exposed to air for 10 days.
Quantitative reverse transcription polymerase chain reaction (RT-qPCR
S2:
Representative movie showing the cell migration for NHBE exposed to cigarette-smoke for 10 days.
S3:
Representative movie showing the cell migration for CHBE exposed to air for 10 days.
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